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ABSTRACT 


Morphological intermediates between Tamarix ramosissima or T. chinensis (saltcedars) and T. aphylla 
(athel) were found recently in three locations in the southwestern USA, and were assumed to be hybrids 
or a previously unreported species. We sequenced chloroplast and nuclear DNA from putative parental 
and hybrid morphotypes and hybrid status of morphological intermediates was supported. Chloroplast 
data suggest that the seed source for these hybrids is T. aphylla. Invasive T. aphylla genotypes found in 
Australia match those found in the USA. Seed was collected from one of the hybrids, and a low percentage 
of it was viable. This hybrid combination has not been previously reported in the USA or the native 
ranges of the species. Although populations of this novel Tamarix hybrid appear to be uncommon at 
present, both parental species are considered invasive (saltcedars in North America; athel in Australia), 
and it is possible that more aggressive hybrid genotypes could be produced. Therefore, natural resource 
managers concerned with the potential spread of non-native species should be aware of the existence of 


these plants and monitor their future spread. 
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Accidental and deliberate importations of plants 
can place historically allopatric species in close 
proximity (U.S. Congress OTA 1993), which can 
lead to novel hybridization. These hybrid events 
may stimulate the evolution of invasiveness in 
plants (Ellstrand and Schierenbeck 2000) by pro- 
viding new opportunities for genetic variation and 
evolutionary novelty (Stebbins 1969) including hy- 
brid traits that exceed those found in the parental 
types (e.g., Rieseberg et al. 1999). The considerable 
lag time that can exist between establishment of a 
naturalized population and its subsequent spread 
into new areas (often decades or more; Kowarik 
1995; Louda et al. 1997), combined with potential- 
ly deleterious ecological effects (Vila et al. 2000), 
emphasizes the need for vigilance over novel hy- 
brids involving naturalized species. 

The Old World plant genus Tamarix L. (Tamar- 
icaceae) contains about 54 species of shrubs and 
trees (Baum 1978). Multiple Tamarix species were 
brought to the USA from southern Europe and Asia 
during the 1800’s to be used for shade and erosion 
control (Baum 1967). The western USA now con- 
tains large-scale invasions totaling 470,000- 
650,000 hectares (Zavaleta 2000) of 
T. ramosissima Ledeb. and T. chinensis Lour. (com- 
mon names “‘saltcedar”’ or “tamarisk” ). Hybrids of 
these two species are the most common genotype 


in the invasion (Gaskin and Schaal 2002). The two 
species are morphologically very similar, and hy- 
bridization has probably added to their taxonomic 
confusion. 

Another species, T. aphylla (L.) H. Karst. (com- 
mon name “‘athel’’), is native to extreme northern 
Africa and southwestern Asia (Baum 1978) and has 
been planted in the USA as a shade and wind break 
tree but has not spread extensively (Meyers-Rice 
1997). In Australia, athel was also imported as a 
shade tree (perhaps from California in the 1930's 
(Fuller 1998)), and did not spread for decades until 
the mid-1970’s when large scale invasions oc- 
curred, most notably on 400 km of the Finke River 
in central Australia (Griffin et al. 1989). Oddly, T. 
ramosissima is also naturalized in Australia (Thorp 
and Lynch 2000), but unlike 7. aphylla, has not 
spread extensively and is not considered a Weed of 
National Significance. The reason for the histori- 
cally different behavior of T. ramosissima and T. 
aphylla in Australia compared to the USA is un- 
known, but the recent discovery of thousands of 
naturalized athels propagated from seed along the 
shore of Lake Mead, NV (Barnes 2003) suggests 
that athel has some potential to become invasive in 
the USA. 

Many Tamarix species are difficult to distinguish 
using morphology, especially the saltcedars T. ra- 
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saltcedar hybrid athel 


Fic. 1. Leaf morphology of saltcedars (Tamarix ramo- 
sissima and T. chinensis; sessile leaves), athel-saltcedar 
hybrid (strongly clasping leaves), and athel (T. aphylla; 
vaginate leaves). 


mosissima and T. chinensis (Crins 1989; Gaskin 
and Schaal 2003). However, T. aphylla is very dis- 
tinct from T. ramosissima and T. chinensis due to 
its vaginate (completely sheathing the stem) instead 
of sessile leaves (Fig. 1) and its tree habit under 
favorable conditions, compared to a large shrub 
habit. The floral morphology within the genus Ta- 
marix can vary from 4—5 sepals, 4—5 petals, and 
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FIG. 2. 


[Vol. 52 


4—15 stamens, but T. aphylla, T. ramosissima and 
T. chinensis are extremely similar, each with a pen- 
tamerous calyx, corolla, and androecium (Baum 
1978). 

Within the last few years three populations have 
been found in the southwestern USA containing 
leaf morphologies that are intermediate to T. ra- 
mosissima or T. chinensis (hereafter referred to as 
saltcedars) and T. aphylla (hereafter referred to as 
athel), suggesting that they may be a novel hybrid, 
or a species of Tamarix previously unreported in 
the USA. Here, we genetically characterize the 
morphologically intermediate plants from the three 
populations using chloroplast and nuclear DNA se- 
quence markers to determine their identity. We also 
genetically compare invasive specimens of athel 
from Australia with newly invasive athel specimens 
from the USA. 


METHODS 
Study Areas 


The populations that are morphologically inter- 
mediate to athel and saltcedar are known from only 
three locations (Fig. 2). One is within a stand dom- 
inated by athel on Boulder Beach, Lake Mead, NV 
(ca. 36°2'46"N lat., 114°48'24"W long., elev. 370 
m). The area also contains numerous saltcedars 
closer to the lake edge. The number of intermedi- 
ates present at Boulder Beach is unknown, but we 
found five in an informal survey of a small portion 
(ca. 1.0 ha) of the athel stand. 

The second area containing morphologically in- 
termediate plants is near Walter’s Camp along the 
Colorado River, ca. 40 km south of Blythe, CA (ca. 
33°15'9"N lat., 114°41'48"W long., elev. 63 m). 


ARIZONA 


Locations of Tamarix populations containing hybrids between athel and saltcedar (indicated by stars). 
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TABLE 1. MORPHOLOGICAL AND GENOTYPIC DESCRIPTION OF VOUCHERS USED IN STUDY OF HYBRIDIZATION OF TAMARIX 
RAMOSISSIMA AND T. CHINENSIS (SALTCEDAR) AND T. APHYLLA (ATHEL). 


trn 


G-S 
chloro- 
plast Chloroplast pepC Nuclear 
Plant Leaf geno- genotype nuclear genotype 
DNA # morphology type similar to: genotype similar to: Voucher # Location 
USA 
3111 saltcedar A saltcedar 1/1 saltcedar Gaskin 3111 Gila River 
3119 saltcedar D ? 1/1 saltcedar Gaskin 3119 Gila River 
3122 saltcedar Q athel 2/2 saltcedar Gaskin 3122 Gila River 
4103 saltcedar G saltcedar 12/50 saltcedar/? Barnes s.n. Lake Mead 
4105 saltcedar A saltcedar 1/50 saltcedar/? Barnes s.n. Lake Mead 
4108 saltcedar A saltcedar 1/2 saltcedar Barnes s.n. Lake Mead 
3121 athel Q athel 61/62 athel Gaskin 3121 Gila River 
4100 athel Q athel 61/61 athel Barnes s.n. Lake Mead 
4102 athel Q athel 61/61 athel Barnes s.n. Lake Mead 
4104 athel Q athel 61/61 athel Barnes s.n. Lake Mead 
4098 intermediate Q athel 2/59 hybrid Barnes s.n Lake Mead 
4101 intermediate Q athel 2/62 hybrid Barnes s.n. Lake Mead 
4106 intermediate Q athel 2/62 hybrid Barnes s.n. Lake Mead 
4107 intermediate Q athel 2/62 hybrid Barnes s.n. Lake Mead 
3113 intermediate Q athel 60/63 hybrid Gaskin 3113 Gila River 
3116 intermediate Q athel 1/62 hybrid Gaskin 3116 Gila River 
3120 intermediate Q athel 1/62 hybrid Gaskin 3120 Gila River 
4494 intermediate Q athel 2/62 hybrid Shafroth Bl Blythe 
4495 intermediate Q athel 1/62 hybrid Shafroth B2 Blythe 
4496 intermediate Q athel 2/65 hybrid Shafroth B3 Blythe 
4497 intermediate Q athel 2/65 hybrid Shafroth B4 Blythe 
4498 intermediate Q athel 2/65 hybrid Shafroth BS Blythe 
4499 intermediate Q athel 2/62 hybrid Shafroth B6 Blythe 
4500 intermediate Q athel 2/65 hybrid Shafroth B7 Blythe 
Australia 

2043 athel Q athel 61/62 athel Gavin 2 Finke River 
2044 athel Q athel 61/61 athel Gavin 3 Finke River 
2045 athel Q athel 61/61 athel Gavin 4 Finke River 
2046 athel Q athel 61/61 athel Gavin 5 Finke River 
2047 athel Q athel 61/62 athel Gavin 6 Finke River 
2048 athel Q athel 60/61 athel Gavin 7 Finke River 


There were eight intermediates within a ca. 0.05 ha 
area at the upland-bottomland interface, adjacent to 
saltcedars. There are hundreds of athels planted at 
abandoned settlements within about 5 km of this 
site, and at least one other intermediate was ob- 
served ca. 2.5 km from the group of eight inter- 
mediates from which we collected samples, less 
than 100 m from a large population of saltcedars. 

The third population is over 400 km from the 
Lake Mead site and over 160 km from the Blythe 
site, along the Gila River approximately 4 km 
downstream of Painted Rock dam in Maricopa 
County, AZ (ca. 335 XN lat, 113°3' 19 W long. 
elev. 160 m). The morphologically intermediate 
plants are located near athels that were most likely 
planted as a wind break in an agricultural setting 
near the mouth of an ephemeral wash, and numer- 
ous saltcedars are found nearby. Tamarix plants 
within three vegetation patches that contained at 
least some of the morphologically intermediate 
plants were censused. The area of the patches to- 


taled 2.1 hectares, and a total of 139 athels, 134 
saltcedars, and 28 intermediates were counted. Oth- 
er nearby patches of saltcedar did not appear to 
contain intermediates; however, our survey was not 
comprehensive. Age estimates of the intermediates 
range from 8—13 years based on counts of annual 
rings on stem cross-sections cut from the main stem 
(below surface branch points) of six individuals. 

Australian athel samples were provided from 
Horseshoe Bend on the Finke River, Northern Ter- 
ritory (six separate sites, ca. 25°13’S lat, 134°11’E 
long.). Representative vouchers, listed in Table 1, 
have been deposited at the Missouri Botanical Gar- 
den herbarium (MO). 


Morphology 


Identity of specimens was determined using the 
key to species in Baum (1978) which covers the 
genus worldwide. Morphological intermediacy was 
determined from leaf morphology alone because 
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very few plants were fertile at the time of collec- 
tion. 


Tissue Sampling 


Leaf tissue samples were collected from 24 Ta- 
marix individuals from the three USA sites. Of 
these, six have sessile leaves typical of saltcedar 
(e.g., T. ramosissima or T. chinensis), four have 
vaginate leaves typical of athel (7. aphylla), and 14 
have morphologically intermediate leaves that 
strongly clasp the stem, but are not completely vag- 
inate. Leaf tissue was also taken from the six Aus- 
tralian athel samples. 


DNA Isolation, PCR Amplification 
and Sequencing 


Fresh, silica dried tissue was used for DNA ex- 
traction. Genomic DNA was isolated using a mod- 
ified CTAB method (Hillis et al. 1996). PCR am- 
plification of the chloroplast intergenic region be- 
tween the trn S (GCU) and trn G (UCC) genes 
utilized the primer pair tra S (GCU) G’- 
GCECGCITTAGICCACTCAGC-3') and im G 
(UCC) (5’-GAACGAATCACACTTTTACCAC-3’) 
of Hamilton (1999) with the following cycling con- 
ditions: 95°C (2 min); 30 cycles of 95°C (1 min), 
55°C (1min), 72°C (2 min); and then 32°C © min). 
The nuclear fourth pepC (phosphoenolpyruvate car- 
boxylase) intron region was amplified by PCR us- 
ing primer pair PPCL1 (forward) (5'-GTCCCTAA- 
GTTTCTGCGTCG-3’) and PPCL2 (reverse) (5'-C- 
TICAGGTGTTACTCITGGG-3") (designed by 
J.G.) with the following cycling conditions: 95°C 
(2 min); 30 cycles of 95°C (1 min), 50°C (1 min), 
72°C (2 min); and then 32°C (5 min). A 50-pl re- 
action was performed for each individual, and PCR 
products were purified using QIAquick PCR Puri- 
fication kit (Qiagen, Valencia, CA). Purified tem- 
plates were sequenced in two directions by using 
either an ABI 373A or a Beckman CEQ 2000XL 
automated sequencer, using the same primers listed 
above. Sequences generated in this study are avail- 
able on GenBank, and accession numbers are listed 
in Table 2. For heterozygous nuclear sequences, 
haplotypes were first inferred using ‘“‘haplotype 
subtraction” (Clark 1990). To verify our estimation 
of nuclear haplotypes not found in the homozygotic 
states, we sequenced cloned PCR products of se- 
lected heterozygotic plants. Cloning was done on 
purified template with TOPO TA Cloning Kit for 
Sequencing (Invitrogen, Carlsbad, CA) using stan- 
dard protocol for chemically competent cells. Cell 
cultures were grown on kanamycin plates, and in- 
dividual colonies were picked from the plates, am- 
plified, purified, and then sequenced using the pro- 
tocols listed above. Haplotype sequences were 
manually aligned using the software Se-Al (Ram- 
baut 1996). The alignment is available upon request 
from the first author. Most parsimonious haplotype 
networks were created by hand. Insertion/deletion 
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TABLE 2. GENBANK ACCESSION NUMBERS FOR TAMARIX 
HAPLOTYPES. 


Nuclear haplotypes 


l AY090385 

2 AY090386 
12 AY090396 
50 AY090434 
59 AY672672 
60 AY672673 
61 AY672671 
62 AY672674 
63 AY672675 
65 AY 672676 

Chloroplast haplotypes 

A AF490798 
D AF539998 
Q AF490795 
G AF490782 


events, no matter what size, were treated as one 
mutational event (one evolutionary step). 


Testing Seed Viability 


Seeds were plated between discs of filter paper 
in a standard Petri dish, and moistened with dis- 
tilled H,O. Petri dishes were subjected to 24°C and 
14 hrs of light per day. After 48 hours, seeds that 
turned green and had a root radicle emerge from 
the seed coat were considered viable. 


RESULTS 
Morphology 


We attempted to use the species key (Baum 
1978) for the few plants with intermediate leaf mor- 
phology that were fertile, but failed to identify them 
to species with this method. Their leaf morphology 
most closely resembled 7. bengalensis Baum or T. 
indica Willd. The morphological intermediates dif- 
fer from T. bengalensis in having conspicuous salt 
glands and 1 mm narrowly ovate sepals rather than 
1.25-1.5 mm orbicular to broadly ovate sepals, and 
they differ from 7. indica in having entire sepals 
rather than deeply incised-denticulate sepals, espe- 
cially towards the sepal apex. The 1.75 mm obovate 
petals of the few fertile intermediates most closely 
resemble those of T. ramosissima. 


Chloroplast Marker 


The trn S (GCU)-trn G (UCC) intergenic region 
sequenced is 1001 bases in length. The plants that 
morphologically resemble saltcedar have chloro- 
plast haplotypes A, D, G, or Q. In a previous study 
(Gaskin 2003) haplotype A was found in 77% (n 
= 23) of USA saltcedars, D was found in 3% (n = 
1) (but this haplotype is most often found in T. 
parviflora DC. in the USA (Gaskin and Schaal 
2003)), and G was found in 17% (n = 5) (usually 
found in the horticultural 7. ramosissima ‘Pink 
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Nuclear haplotype network from 4th intron 
of phosphoenolpyruvate carboxylase (pepC) 
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T. chinensis —> 


T. ramosissima 


Chloroplast haplotype network from 
trn S (GCU) - trn G (UCC) intergenic spacer 


7 base insertion/deletion 


Haplotype networks (gene genealogies) of the nuclear phosphoenolpyruvate carboxylase (pepC) 4th intron 


region (a) and chloroplast trn S (GCU)-trn G (UCC) intergenic region (b). Boxes with numbers or letters represent 
haplotypes (alleles) recovered. The smaller empty boxes represent intermediate haplotypes not recovered in this analysis. 
Lines separating boxes represent a single point mutation or insertion/deletion event. 


Cascade’ cultivar (Gaskin 2003)). Athel samples 
from the USA and Australia all contain the haplo- 
type Q, which is 26 (2.6%) mutational differences 
(including 7, 8, and 11 base insertion/deletions) 
from the saltcedar haplotype A (Fig. 3). The sam- 
ples with intermediate morphologies all contain 
haplotype Q, which is also found in all athel in this 
study. Chloroplast haplotype names follow Gaskin 
(2003). 


Nuclear Marker 


The pepC intron region sequenced is approxi- 
mately 900 bases in length. Initial direct sequencing 
of PCR product found 13 genotypic combinations 
(see Table 3), three of which are homozygotic (1/ 
1, 2/2, and 61/61). From the direct sequencing data 
we infer that there are ten haplotypes (1, 2, 12, 50, 
59, 60, 61, 62, 63, and 65). The existence of hap- 
lotypes 1, 2, and 61 are obvious from their presence 
in homozygotic plants. To verify the sequences of 
other inferred haplotypes found only in heterozy- 
gotes, we sequenced cloned product from speci- 
mens 3113 (genotype 60/63), 3121 (61/62), 4098 
(2/59), 4103 (12/50), 4105 (1/50), 4106 (2/62), 


4108 (1/2), and 4500 (2/65). In each case the 
cloned product sequences exactly matched one of 
the inferred haplotypes from that plant. 

The plants that morphologically resemble salt- 
cedar contain nuclear genotypes 1/1, 2/2, 1/2, 1/50, 
and 12/50. The first four genotypes are identical to 
those found in 21% (n = 32), 19% (n = 30), 21% 
(n = 33), and 1% (n = 2) (respectively) of the USA 
saltcedars sampled in a previous study (Gaskin and 
Schaal 2002). Genotype 12/50 was not found in 
that study, but is composed of two haplotypes that 
were found in 10% and 1% (respectively) of the 
USA saltcedars (Gaskin and Schaal 2002). Nuclear 
haplotypes designations follow Gaskin and Schaal 
(2002). 

The USA athel specimens have genotypes 60/61, 
61/61, and 61/62, and the haplotypes involved in 
these genotypic combinations cluster tightly on the 
gene tree (Fig. 3), differing by only three mutations, 
and are at least 39 (4.3%) mutational differences 
(including a prominent 38 base insertion/deletion) 
away from haplotypes found in plants that morpho- 
logically resemble the saltcedars (1, 2, 12, and 50). 
The Australian athel samples have genotypes 60/ 
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TABLE 3. NUCLEOTIDE STATE AT VARIABLE LOCI OF THE NUCLEAR FOURTH PEPC (PHOSPHOENOLPYRUVATE CARBOXYLASE) 


INTRON REGION OF TAMARIX SPP. 


Nuclear 
Leaf geno- 
morphology type 1 13 108 109 112 
Saltcedar 1/1 G T T G A 
Saltcedar 1/2 G T T G A 
Saltcedar 1/50 G T T G A 
Saltcedar 212 G T T G A 
Saltcedar 12/50 G T T G A 
Intermediate 1/62 AG CT - CT -C/G A/C 
Intermediate 2/39 "A/G -C/T -C/T -C/G 74A/C 
Intermediate 2/62 A/G C/T C/T C/G We 
Intermediate 2/65 A/G C/T C/T C/G A/C 
Intermediate 60/63 A C C/T C C 
Athel 60/61 A C C C C 
Athel 61/61 A (@ (© C C 
Athel 61/62 A C ce (@ C 
Nuclear 
Leaf geno- 
morphology type 266 277 289 297 300 
Saltcedar 1/1 A A A G G 
Saltcedar 1/2 A/T A/G A G G 
Saltcedar 1/50 A G A G G 
Saltcedar 2/2. T G A G G 
Saltcedar 12/50 A G A G A/G 
Intermediate 1/62 A A/G A/C G/T A/G 
Intermediate 2/59 T G A/C G/T A/G 
Intermediate 2/62 T G A/C G/T A/G 
Intermediate 2/65 T G A/C G/T A/G 
Intermediate 60/63 A G C T A 
Athel 60/61 A G C T A 
Athel 61/61 A G C T A 
Athel 61/62 A G C T A 
Nuclear 
Leaf geno- 
morphology type 455 460 466 496 498 
Saltcedar 1/1 aT A aT at G 
Saltcedar 1/2 T A T C/T A/G 
Saltcedar I0 (AST A T C/T A/G 
Saltcedar 2/2 T A T C A 
Saltcedar 12/50 A/T A G/T C/T A 
Intermediate 1/62 T A T T A/G 
Intermediate 2/59 T A T (© A 
Intermediate 2/62 T A T C A 
Intermediate 2/65 T A T (© A 
Intermediate 60/63 T A/G T T A 
Athel 60/61 T A T T A 
Athel 61/61 ' T A T T A 
Athel 61/62 T A T T A 


61, 61/61, and 61/62, which are all identical to athel 
genotypes found in the USA. 

The samples with intermediate morphologies all 
have heterozygous genotypes for this diploid mark- 
er. Some haplotypes found in these heterozygotes 
(1, 2, 60, and 62) match exactly those found in the 
athel and saltcedar specimens, while haplotypes 59, 
63, and 65 do not. Haplotypes 59 and 65 are most 
likely athel haplotypes, as they are very close (one 


Nucleotide site # 


150 152 162 189 191 197 245 264 
A A A T T T C A 
A A A T T Ji Cc A 
A A A it T C/T TE A 
A A A T T T C A 
A A A T Jo C/E ÇC A 
A/C A/G A/C T T T C/G A/C 
A/C A/G A/C A/T AST T C/G A/C 
A/C A/G A/C T T T C/G A/C 
A/C A/G A/C T T T C/G A/C 
Cc A/G A/C T T T G C 
C G C T T Iy G Cc 
Cc G C T T I) G C 
C G C T T IN G C 

Nucleotide site # 

343 359 397 400 410 431 450 453 
C C A C A T T T 
C C A C AMT AT T T 
C G A C A AT A A/T 
C C A C T A — T 
C C A C A A A A/T 
C/T C/T A/C CT AC AT T T 
qr Gr Ae Ct. T A — T 
C/T. C/T -A/C CT T A — T 
GY C/T .AvC C/I F A — T 
C/E T G C/T A/C A A/T T 
T T C T C A T T 
T T C T C A T T 
T T C T C A T IR 

Nucleotide site # 

503 514 554 553 568 574 576 587 
A C T A A C C C 
A C T A A/G C C C 
A/T C T A A C C C 
A C T A G C C C 
AT C T A A C C C 
A C/G CT AG A C/T. C C/T 
A C/G CT A/G A CT €C C/T 
A C/G CY AIG A Ci, C C/T 
A CG CT A/G A CA . C C/T 
A G C/T A/G A C/T A/C T 
A G C G A T C T 
A G C G A T C T 
A G C G A T C T 


mutation) to the cluster of athels on the gene tree. 
The taxonomic origin of haplotype 63 is unknown, 
as it is distant from all other haplotypes and taxa 
in this study. The morphologically intermediate ge- 
notypes are 1/62 (T. ramosissima X T. aphylla), 2/ 
62 (T. chinensis X T. aphylla), 2/59 (T. chinensis 
x T. aphylla?), 2/65 (T. chinensis X T. aphylla?), 
and 63/60 (T. sp. X T. aphylla). None of the ge- 
notypes found in morphologically intermediate 
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TABLE 3. CONTINUED. 


Nuclear 
Leaf geno- 
morphology type 588 610 615 628 636 
Saltcedar 1/1 A T A C 
Saltcedar 1/2 A T T A C 
Saltcedar 1/50 A T T A/— C/T 
Saltcedar 2/2 A AR T A C 
Saltcedar 12/50 A T T A/— C/T 
[Intermediate 1/62 A/G C/T T A C 
Intermediate 2/59 A/G CT T A C 
Intermediate 2/62 A/G CT T A C 
Intermediate 2/65 A/G CT T A C 
Intermediate 60/63 G Cr C/T -A C 
Athel 60/61 G C T A C 
Athel 61/61 G C T A C 
Athel 61/62 G C T A C 
Nuclear 
Leaf geno- 
morphology type 714 715 716 717 718 
Saltcedar 1/1 A G C FE G 
Saltcedar 1/2 A G C T G 
Saltcedar 1/50 A G C F G 
Saltcedar 2/2 A G C T G 
Saltcedar 12/50 A G C T G 
Intermediate 1/62 A/—- G- C- T- G/- 
Intermediate 2/59 A/—- Gl C- T- G/- 
Intermediate 2/62 A/f—- G- ChRK T- G/- 
Intermediate 2/65 A- G- Cf T- G/- 
Intermediate 60/63 A- G- Cf T/- G/- 
Athel 60/61 — — — — — 
Athel 61/61 — — — — — 
Athel 61/62 — — — — — 
Nuclear 
Leaf geno- 
morphology type 727 728 729 NO0 N31 
Saltcedar 1/1 T G G Cc T 
Saltcedar 1/2 IÈ G G C gk 
Saltcedar 1/50 T G G C T 
Saltcedar 2/2 T G G C T 
Saltcedar 12/50 T G G C T 
Intermediate 1/62 T/- G- G- C- T- 
Intermediate 2/591 T= Gla Gi) C/ T- 
Intermediate 2/62 T- G- GF C- T- 
Intermediate 2/65 T- G/- G- CK T- 
Intermediate 60/63 T/— G- G- C- TA- 
Athel 60/61 — — — — — 
Athel 61/61 — — — — — 
Athel 61/62 — — — — — 


plants were ever detected in a previous analysis of 
269 saltcedars worldwide (Gaskin and Schaal 
2002). 


Viability of Seed with Intermediate Morphology 


One plant (Shafroth Bl) from near Walters 
Camp, CA was in seed on December 12, 2003. 
Seeds were plated three days after being collected, 
and nine of the 239 seeds (3.8%) exhibited viabil- 
ity. 
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Nucleotide site # 


637 686 696 697 710 m 7H 712 713 

G G T G C T G A 
G G T G C T G A 
G G T G C A G A 
G G T G C T G A 
G G T G C T G A 
G A/G T G/T C- T- G- A- 
G A/G T G/T C- T- G/- A- 
G A/G T G/T C/- T- G- A- 
G A/G T G/T C/- T- G/- A- 
A/G A C/T G/T C- T/- G- A- 
G A T T — — — = 
G A T T — — — — 
G A T T — ZE — = 

Nucleotide site # 

719 720 721 T22 723 124 — 725 726 
A T A T G JÀ T G 
A T A T G T T G 
A T A fl G T T G 
A T A T G T T G 
A ah A T G T aR G 
A- T- A/— T- G/— T- T- G/— 
A/— T- A/— T- G/- T- T- G/- 
A/-— T- A/— T- G- T=- T- G/- 
A/-— T- A/— T- G/- T=- T/⁄- G/- 
A/— T=- A/— T/- G/—- TA- T- G/- 

Nucleotide site # 

732 133 734 735 736 T31 738 739 
T T T A A F A T 
T T T A A T A T 
T T T A A T A T 
Ẹ T T A A T A T 
ji T T A A T A T 
T/— T- T- A/— A/- T=- A/— T/- 
T/- T- T/— A- A- Th A/- T- 
T- T- T/- A/— A- T- A/— TA- 
T- T/- T/- A/— A- T- A/-— TA- 
T/- T- T/- A/— A- T- A/— T- 

DISCUSSION 


The nuclear genotypes found in the morpholog- 
ically intermediate plants are most often exact com- 
binations of athel and saltcedar haplotypes, sup- 
porting our first hypothesis of hybridization. The 
presence of chloroplast sequence in the morpholog- 
ically intermediate plants that is identical to that 
found in all specimens of athel also supports the 
hypothesis of hybridization. The DNA data do not 
support the hypothesis of morphologically inter- 
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TABLE 3. CONTINUED. 


Nuclear 

Leaf geno- 
morphology type 740 741 742 743 7144 
Saltcedar 1/1 T G T A T 
Saltcedar 1/2 T G T A T 
Saltcedar 1/50 T G T A T 
Saltcedar 212 T G T A T 
Saltcedar 12/50 T G C/T SA T 
Intermediate 1/62 T- G/- TA- A/—- T- 
Intermediate 2/59 T- G- T- Af T- 
Intermediate 2/62 T- Gf T=- A/— T- 
Intermediate 2/65 T- G- TA- A/— T- 
Intermediate 60/63 TA- G- TA- A/f— Th 
Athel 60/61 — — — — — 
Athel 61/61 — — — — — 
Athel 61/62 — — —— — — 

Nuclear 

Leaf geno- 
morphology type 825 847 863 890 891 
Saltcedar 1/1 G G G — — 
Saltcedar 1/2 G G G — — 
Saltcedar 1/50 G GT G -— — 
Saltcedar 2/2 G G G — -— 
Saltcedar 12/50 G GT G — — 
Intermediate 1/62 G/T G A/G — — 
Intermediate 2/59 GT G A/G — — 
Intermediate 2/62 GT G A/G — — 
Intermediate 2/65 GT G A/G — — 
Intermediate 60/63 T G A A/-— T- 
Athel 60/61 T G A — — 
Athel 61/61 T G A — — 
Athel 61/62 T G A — — 


mediate plants being a previously unrecorded spe- 
cies in the USA, as none of the morphologically 
intermediate plants contain chloroplast sequences 
different from those found commonly in other Ta- 
marix species in the USA, and all morphologically 
intermediate plants contain at least one nuclear hap- 
lotype commonly found in a putative parental spe- 
cies. The seed source of the hybrid plants investi- 
gated is athel, assuming maternal inheritance of the 
chloroplast marker. Most angiosperms exhibit this 
inheritance pattern (Reboud and Zeyl 1994), how- 
ever, cpDNA can occasionally be inherited from ei- 
ther parent or biparentally, as in Turnera L. (Shore 
and Triassi 1998). Plastid inheritance in the family 
Tamaricaceae has not been investigated. 

The three different Australian athel nuclear 
marker genotypes are identical to athel genotypes 
found in the USA. Perhaps with a more variable 
marker, Australian specimens could be distin- 
guished from USA specimens, but at this point, giv- 
en the genetic similarity and the observations of 
seedling establishment on Lake Mead (Barnes 
2003), we should assume that the athel present in 
the USA, under certain conditions, could invade 
more sites. However, athel has been present for sev- 
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Nucleotide site # 
745 746 747 +178 782 797 798 821 
A C T G A G G J 
A C T G A G G Aly 
A @ T G A G G a. 
A C T G A G G Jg 
A C T G A C/G G T 
A/—- C- T- AIG A C/G A/G C/T 
A/— C- T- A/G A C/G A/G C/T 
A/- C- T= A/G A C/G A/G C/T 
A/f— C- T- A/G A C/G A/G C/T 
A/— Ch T- A/G A/G C AIG C 
— — — A A C A C 
— — — A A C A C 
— — — A A C A C 
Nucleotide site # 

892 893 894 895 902 905 906 
— — — — A C A 
— — — — A C A/G 
— — — — A C A 
= — = — A C G 
— — — — A C/T A/G 
— — — — A C/T A/G 
— — — — A CT G 
— — — — A C/T G 

— A/G C G 
A/—- T- G/- A- G C/T A/G 
— — — — A/G CT G 

— A C G 
— — — — A Cc/iT -G 


eral decades in the western USA at a variety of sites 
and has not yet spread extensively. 

The saltcedar Tamarix chinensis (represented by 
nuclear haplotype 2) and athel are allopatric in Eur- 
asia, with haplotype 2 native to eastern China (Gas- 
kin and Schaal 2002) and athel ranging from north- 
ern Africa to Pakistan (Baum 1978). Thus, we ex- 
pect that the hybrids between these two historically 
allopatric species are novel. The ranges of the salt- 
cedar T. ramosissima and athel overlap slightly in 
areas of Asia, but hybrids of athel and saltcedar are 
not mentioned in the Eurasian literature, nor did the 
authors note them while collecting in areas of Asia 
where the two species are sympatric. 

There is genetic variation within the hybrids, in- 
dicated by the five different nuclear genotypes 
found in our small sample of 14 plants of inter- 
mediate morphology. Crosses between hybrids or 
backcrosses with either parent could increase the 
number of genotypes, providing additional evolu- 
tionary opportunities for the success of the hybrid 
lineage. One of the plants (Gaskin 3122), classified 
as saltcedar according to its morphology and nu- 
clear genotype (2/2), contained the athel chloroplast 
genotype (Q). The sample was re-sequenced to con- 


2005] 


firm this result. The presence of the athel chloro- 
plast haplotype Q in this plant must have occurred 
through backcrossing of a hybrid with a saltcedar 
or another hybrid plant (e.g., crossing Q-60/60 with 
A-2/2, resulting in the hybrid Q-60/2, then back- 
crossing the hybrid with a saltcedar A-2/2, resulting 
in a plant with chloroplast-nuclear genotype Q-2/ 
2): 

Our observed 3.8% viability of seed from one of 
the hybrids is low compared to up to 98% viability 
for T. ramosissima and 100% viability for T. aphyl- 
la when germinated with tap water within a week 
after collection (Horton 1960; Waisel 1960). How- 
ever, we do not know how long our seeds had been 
mature and attached to the plant before being col- 
lected. Seed viability of both species is known to 
decrease with storage time after collection (Horton 
1960; Waisel 1960), and saltcedar seed viability can 
decrease to as low as 20% after 10 weeks under 
field conditions (Horton 1960). 

Even with a low viability rate, a hybrid could 
still produce a substantial number of viable seeds, 
as mature saltcedars have been estimated to pro- 
duce several hundred thousand seeds in a single 
growing season (Merkel 1957). However, besides 
the molecular evidence of backcrossing and the one 
plant producing seed near Walters Camp, CA, we 
found no other verification that the hybrids produce 
viable seed. On June 19, 2003, some Lake Mead 
hybrids were producing flowers, but none of them 
appeared to have set seed. At the same time, there 
were no flowers (pollen sources) on nearby athel or 
saltcedars (J.G. personal observation). The lower 
water levels of Lake Mead have reduced flowering 
and seed set in athel (Barnes 2003). If the lake level 
is raised, or if athel establish at lower shoreline el- 
evations (with better access to soil moisture), then 
increased flowering may provide more opportuni- 
ties for hybridization or backcrossing. On August 
15, 2003, hybrids at the Gila River site had mature 
flowers, but none appeared to have successfully set 
seed (R. Laugharn, personal observation). 

Athel is presumably limited in latitudinal range 
by frost intolerance, and is rarely seen north of 
southern Utah (approximately 38°N lat.; Welsh et 
al. 1993) in the Colorado River watershed, or north 
of Las Cruces, NM (approximately 33°N lat.; All- 
red 2002) in the Rio Grande watershed. Saltcedar 
does not have such severe frost limitations and is 
found as far north as 52°N lat. in Asia (Baum 
1978), and naturalized as far north as 48°N lat. in 
North Dakota (specimen Mayer 20 (USDA-ARS- 
NPARL)), with cultivated plants extending into 
Canada (Kartesz and Meacham 1999; Pearce and 
Smith 2003). There are many locations where salt- 
cedars and athel are sympatric in the USA, and the 
authors have searched for hybrids at several of 
these locations in California, Arizona, New Mexi- 
co, and Texas. However, the hybrid has only been 
confirmed from the three areas mentioned in this 
paper. Apparent morphological intermediates were 
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also observed within the Colorado River bottom- 
land east of Needles, CA (elevation ca. 190 m) but 
were not collected nor included in this study. 

The flowering phenologies of the parental spe- 
cies are different, but overlapping. The saltcedars 
flower from early spring to late fall, while athel 
flowers later in the year, from the end of summer 
to early winter (Baum 1978) (also see Barnes 2003 
for athel phenology in the Lake Mead area), leaving 
ample opportunity for gene flow between saltcedars 
and athel. The late-season seed dispersal phenology 
of athel may contribute to the apparently infrequent 
seed reproduction of this species, and therefore of 
the hybrid we have described here, given the ap- 
parent maternal origin of the hybrid seed. Success- 
ful Tamarix seed germination generally requires 
bare, moist substrates, which are less likely to occur 
on river floodplains in the Sonoran or Mojave de- 
serts in fall months than other times of the year, 
except perhaps following flooding associated with 
occasional tropical storms (Ely et al. 1994). Further, 
for seedling establishment to occur in North Amer- 
ica, fall season germinants need to survive the win- 
ter months. Although low temperatures rarely drop 
below freezing at the sites we studied, we speculate 
that an inability to over winter successfully may 
inhibit establishment of hybrid seedlings. 

Even though it is unclear if the new hybrids can 
commonly reproduce by seed, one of the parental 
species is an athel that has chloroplast and nuclear 
marker genotypes identical to those invading Aus- 
tralia, and some of the other parental species are 
genetically identified as the most common invasive 
saltcedars in the USA (genotypes 1/1, 1/2, and 2/2 
(Gaskin and Schaal 2002)). The tree habit of athel, 
combined with aggressive characteristics of the 
shrub saltcedar, could potentially produce an invad- 
er that is able to compete in ways different from 
saltcedar with native and naturalized riparian veg- 
etation (e.g., increased height, increased phenolog- 
ical range, resistance to natural and imported ene- 
mies, etc.). On the other hand, genetic combina- 
tions associated with hybridization can often result 
in less competitive offspring, and failure of hybrid 
lineages in natural settings is undoubtedly under- 
estimated due to our inability to detect such events. 
We suggest that the new Tamarix hybrids we report 
here should be investigated further for pollen and 
seed viability, and closely monitored for their abil- 
ity to spread. 
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